Abstract. The general features of the F3 layer occurrence over the magnetic equatorial location of Trivandrum (8.5 • N; 77 • E; dip lat ∼ 0.5 • N) in India during the period from 1996-2005 are presented using the ionosonde observations. The study brings out that the F3 layer occurrence over Trivandrum is weak and rare compared to the other equatorial locations. The F3 layer occurrence is relatively more pronounced during the magnetically active conditions, thus indicating the dependence of the layer formation over Trivandrum on magnetic activity. It is also observed that the percentage occurrence of the F3 layer decreases with increasing solar activity.
Introduction
The combination of the electrodynamic drift, thermospheric winds and diffusion on the plasma over the magnetic equator leads to a number of peculiar features over the equatorial and low latitude ionosphere. The appearance of an additional ionization layer above the F2 peak is an example of the aforesaid equatorial features. The additional stratification of the F2 layer over low and mid latitudes was known as early as the 1940s (Sen, 1949; Ratcliffe, 1951; Skinner et al., 1954; Heisler, 1962) , though the stratification could not be explained. These investigators attributed the traveling disturbances and dynamics involving vertical ionic drifts as the possible sources of these stratifications. Modeling studies of the Equatorial Ionisation Anomaly and its effects using the Sheffield-University-PlasmasphereIonosphere-Model (SUPIM) (Bailey and Balan, 1996) reCorrespondence to: V. Sreeja (v.sreeja@gmail.com) vealed the possibility of an additional layer above the F2 peak, which was called the G layer (Balan and Baliey, 1995) . Later, it was renamed as the F3 layer, since it was not found to involve any new ionization source or neutral species. The first modeling of the F3 layer (Balan and Baliey, 1995) was for the Jicamarca longitude (12 • S, 77 • W, dip 2 • N), and later it was extended to the Brazilian and Indian longitudes .
Following the first detection of the F3 layer at Fortaleza (3 • S, 38 • W, dip 2 • S) in Brazil Jenkins et al., 1997) , a possible physical mechanism for the layer formation, its statistics of occurrence and the day-to-day variability were reported (Balan et al., 1998 (Balan et al., , 2000 Batista et al., 2002) . According to the physical mechanism of the F3 layer formation, as suggested by Balan et al. (1998) , the layer usually forms during daytime (∼08:30-16:30 LT) within ±10 • magnetic latitude, from the production of ionization and unique electrodynamics of the equatorial F-region. The F3 layer is expected to form centered at that equatorial location where the combined effects of the upward E × B drift and equatorward neutral wind provide a vertically upward plasma drift velocity. This velocity causes the F2 peak to drift upward and form the F3 layer, while a normal F2 layer develops at lower altitudes through the usual photochemical and dynamical effects of the equatorial region. Once an F3 layer is formed, its peak density (NmF3) remains greater than that of the F2 layer (NmF2) for a period of time, when both the layers can be detected by the ground-based ionosondes. At later times, when NmF3 becomes less than NmF2, the F3 layer disappears from the ionograms, and then the layer can be observed by topside sounders as topside ledges. After sunset, due to the absence of photoionization, the F3 layer formation ceases, though topside ledge continue to exist well after sunset. Sayers et al. (1963) were the first to detect the topside ledges in the equatorial ionosphere using a Langmuir probe onboard the Ariel-I satellite and they predicted that the King et al. (1964) detected the ledges as cusps in the topside ionograms recorded by the topside sounder onboard the Alouette-I satellite. Raghavarao and Sivaraman (1974) were the first to detect the topside ledges in the Indian longitudes using the ISIS-II topside sounder. Thampi et al. (2005) were the first to show that the F3 layer and the topside ledges could be observed in the latitudinal profiles of Total Electron Content (TEC) measured by the low earth orbiting satellites. Using the Ohzora (EXOS-C) and ISIS-II satellite, Uemoto et al. (2004 Uemoto et al. ( , 2006 presented a statistical analysis of the topside ledges in the equatorial ionosphere and concluded that except for the seasonal difference in the occurrence probability, the characteristics of the F3 layer and the topside ledges are similar. Based on the average upward drift (Fejer et al., 1991) and the Horizontal Wind Model (HWM) (Hedin et al., 1991) , a distinct F3 layer was predicted to occur on the summer side of the geomagnetic equator (Balan et al., 1998) . However, observations show that the layer occurs even during the winter months (Batista et al., 2002; Rama Rao et al., 2005) , which was explained as due to the variability in the driving forces like the drift, wind, tides and waves (Balan et al., 1998) . There had been several observations of the F3 layer from various equatorial locations. Lynn et al. (2000) presented the latitudinal dependence of the F3 layer occurrence at the equatorial latitudes in South East Asia using the observations from both oblique and vertical ionosondes. They showed that the F2 layer stratification occurred over a narrow region between the magnetic equator and the peak of the southern equatorial anomaly, a result which corroborates with Jenkins et al. (1997) . The first simultaneous observation of the F3 layer on either side of the geomagnetic equator was reported by Uemoto et al. (2007) . Rama Rao et al. (2005) reported the ionosonde observations of the F3 layer over Waltair (17.7 • N; 83.3 • E; dip lat ∼ 8.2 • N) in India. Zain et al. (2008) reported the observations of the F3 layer at the equatorial regions in Malaysia during 2005. The solar activity dependence of the F3 layer occurrence was studied by Batista et al. (2002) at Fortaleza and by Rama Rao et al. (2005) at Waltair, which confirmed that the layer becomes less distinct and less frequent as the solar activity increases.
Most of the earlier studies of the F3 layer have been made during the magnetically quiet days. However, recently, the occurrence of the F3 layer during magnetically disturbed periods has received attention (Balan et al., 2008; Paznukhov et al., 2007; Sreeja et al., 2009 ). There had been observations of continuous geomagnetically active days when the layer was observed on certain days and not observed on other days (Balan et al., 2000; Rama Rao et al., 2005) . These studies point to the fact that the occurrence of the F3 layer does not depend on the magnetic activity.
This paper reports the general features of the F3 layer occurrence over the magnetic equatorial location of Trivandrum 
Data
For the present study, we have made use of the quarter hourly ionograms recorded using the digital ionosonde model IPS-42 at Trivandrum for the period of 1996-2005 to obtain the characteristics of the F3 layer over the magnetic equator. The number of available ionograms per day is 96 with the routine 15 min sounding. Also, during the time interval (08:00-16:00 IST), when the probability of F3 layer occurrence is large, 33 ionograms were available.
Observations

General features of the F3 layer
The time sequences in the development of the F3 layer over Trivandrum on 3 days under three different seasons and solar activity conditions are shown in the different panels of Fig. 1a (left panel) . The ionograms at the corresponding time during three days when F3 is absent is shown in the right panel of Fig. 1a for comparison. It can be observed from Fig. 1a that virtual height of the F3 layer (h F3) when it first appears, is typically between 400 and 500 km and then with the passage of time, the layer is observed to gradually drift upwards. The time variation in critical frequency of the F2 (foF2) and F3 (foF3) layer during the days shown in Fig. 1a is illustrated in Table 1 . From Table 1 , it is clear that on 12 August 2000, foF2 is around 13.6 MHz at 11:30 IST. At 11:45 IST, it decreases to 7.7 MHz, while foF3 is 13.5 MHz, the difference between foF2 and foF3 is ∼ 6 MHz. this decreases to 9.4 MHz, while foF3 is 11.6 MHz. In this case, the difference between foF2 and foF3 is ∼ 2 MHz. At 09:00 IST on 30 March 2005, before the development of the F3 layer, foF2 is 8.7 MHz. With the development of the F3 layer at 09:15 IST, foF2 decreases to 7.9 MHz and foF3 is 8.6 MHz, the difference between foF2 and foF3 is ∼ 1 MHz. Figure 1b Hence, it is observed that for all the cases presented here, the appearance of the F3 layer is associated with a decrease in foF2. Further, the foF2 just before the appearance of the F3 layer almost matches with the foF3, when the F3 layer appears, indicating that the F3 layer is not formed by the additional production of ionization, but as a result of the redistribution of ionization. The decrease in foF2 with the appearance of F3 is expected and it corroborates with the earlier results Rama Rao et al., 2005; Zain et al., 2008) . 
Statistics of occurrence of the F3 layer
During the period from 1996-2005, the solar activity varied from minimum to maximum phase and then back to minimum. This helped in the investigation of the solar activity dependence of the F3 layer occurrence. Figure 2 shows the percentage occurrence of the F3 layer over Trivandrum for the quiet (A p < 8) and disturbed days (A p > 8) along with the average sunspot number during 1996-2005. The total number of quiet and disturbed days when data was available during each year is also shown in the figure. The percentage occurrence during the quiet/disturbed periods of each year is taken as the percentage number of quiet/disturbed days on which F3 layer was observed out of the total number of available quiet/disturbed days of that particular year. It is to be noted that the percentage occurrence of F3 layer is calculated on the basis of the appearance of the F3 layer in the ionograms, and this happens only when NmF3 becomes greater than NmF2. At later times, when NmF2 becomes greater than NmF3, the layer will not detected by the ground based ionosonde, though topside ledges could exist. It is very clear from Fig. 2 that the F3 layer occurrence over Trivandrum is very weak and rare, with the highest occurrence for the quiet days being only 16% in 1997. During the disturbed days, the highest occurrence is 20% in 2004. Also, during the entire period of study (except in 1997 and 2002) , the % occurrence is higher during the disturbed days than during the quiet days, thus indicating the dependence of the F3 layer occurrence over Trivandrum on magnetic activity.
Another feature which is evident from this figure is the solar activity dependence of the F3 layer occurrence. For both the quiet as well as the disturbed days, the occurrence of the F3 layer is higher during the low solar activity period (1996-1997 and 2004-2005) . With the increase in the solar activity from 1996 to 2000, the F3 layer occurrence for the quiet days Fig. 3a and b, respectively. The seasons are defined as: Winter Solstitial (January, February, November and December), Equinox (March, April, September and October) and Summer Solstitial (May, June, July and August). The total number of days on which data was available during each season is also shown on top of the histogram.
From Fig. 3a , it is clear that for the quiet days of 2001, the occurrence is higher during the summer solstitial months with occurrence of 11% and lowest during the winter solstitial months with 2% occurrence. But for the disturbed days, the occurrence is higher both during the winter as well as the summer solstitial months respectively with 8% and 11% occurrence. During the solar minimum year of 2005 (Fig. 3b) , for the quiet days, the highest occurrence is during the equinox with 19%. The quiet days of the summer solstitial months have an F3 layer occurrence of 13%. However, during the disturbed days of 2005, the summer solstitial months have the highest occurrence with 32% and the lowest occurrence is during the equinox with 10%. This illustrates that the occurrence of the F3 layer exhibits large seasonal variability both under magnetically quiet as well as disturbed days.
The day-to-day variation in the time of appearance of the F3 layer in the ionograms along with the daily average K p ( K p ) during 2001 and 2005 is shown in Fig. 4a and b , respectively. It is clear from these figures that the layer occurs both during magnetically quiet ( K p < 15) as well as active conditions during both the years. The K p < 15 is chosen as the threshold to represent magnetically quiet conditions because the mean of the K p values for both the years is around 15. From Fig. 4a and b , it is clear that the time of appearance of the F3 layer shows large day-to-day variability. The F3 layer occurs from as early as 08:00 IST to as late as 16:00 IST in both the years. For the quiet days of the solar maximum year of 2001 and the minimum year of 2005, irrespective of the seasons, on an average, the layer occurs during the morning hours (09:00-11:00 IST). But, during the magnetically active days, the F3 layer can occur at any time from morning till evening (08:00-16:00 IST).
Discussions
Many of the features of the F3 layer observed above are in general agreement with the model calculations of Balan et al. (1998) that explain the formation of the F3 layer during quiet days as due to the combined effects of the vertical E × B drift and equatorward neutral winds. Our data shows that the F3 layer occurrence over the magnetic equatorial location of Trivandrum is very weak and rare compared to other equatorial locations, though model results predict the F3 layer occurrence over Trivandrum as at other equatorial latitudes. The difference between the model results and observations could be mainly due to the variation in the actual E × B drift at Trivandrum and that (at Jicamarca) used in models. However, this result of the weak F3 layer occurrence over Trivandrum corroborates with that of Rama Rao et al. (2005) . They have shown that in the Indian longitudes, the percentage occurrence of F3 layer over Waltair (17.7 • N; 83.3 • E; dip lat ∼ 8.2 • N) is almost 100% during the summer months (June, July and August) of the low solar activity period of 1997-1999. Their study indicated that Waltair could be the location where the resultant upward vertical drift due to E × B drift and neutral winds becomes exactly vertical, and hence is the most favorable location for the F3 layer occurrence.
Our data also clearly indicate the solar activity variations in the F3 layer occurrence. The occurrence of the layer is higher during the low solar activity periods, which is in agreement with the observational results obtained from other equatorial locations (Rama Rao et al., 2005; Batista et al., 2002) . Balan et al. (1998) have modeled the N e profiles for different solar activity conditions, which indicate that the ionosphere becomes broad and intense with the increasing solar activity, while the E × B drift and the winds remains more or less constant. Thus, during solar maximum periods, the upward force arising from the drift and winds becomes less efficient to lift the morning F2 peak to the topside altitude to form the F3 layer.
The seasonal variation in the F3 layer occurrence during both quiet as well as magnetically active conditions is another feature evident from the above observations. Rama Rao et al. (2005) and Batista et al. (2002) have shown that the F3 layer occurrence over Waltair and Fortaleza is more during the local summer months (> 75%) and minimal during the equinoctial months. Our data shows that over Trivandrum during the quiet days of the solar maximum year of 2001, the F3 layer occurrence is higher during the local summer months, corroborating the earlier results. But, for the quiet days of the solar minimum year of 2005, the occurrence is higher during the equinox. Zain et al. (2008) have reported that over the equatorial region of Malaysia during the solar minimum year of 2005, the F3 layer occurrence is more pronounced during the winter and equinoxes. Their study shows that there is an absence of the F3 layer occurrence during the summer months of May, June, July and August. For the disturbed days of both the solar maximum as well as the minimum year, the summer solstitial months are characterized by higher F3 layer occurrence.
The time of appearance of the F3 layer during the quiet days is in accordance with the model simulations by Balan et al. (2000) , where they have shown that if the time cumulative vertical velocity provides an upward drift between 07:00 and 11:00 LT, then an F3 layer forms. The day-to-day variations in the F3 layer occurrence arise from the corresponding variations in the vertical plasma drift.
A new and interesting result from the study is the magnetic activity dependence of the F3 layer occurrence. The earlier studies on the F3 layer occurrence did not distinguish between the magnetically quiet and active conditions (Lynn et al., 2000; Batista et al. 2002; Rama Rao et al., 2005; Zain et al., 2008) . It is observed that over Trivandrum within a particular year, the occurrence of the F3 layer is higher during the disturbed days than during the quiet days. This indicates that the electrodynamical and neutral dynamical modulations caused by geomagnetic disturbances provide favorable conditions for the F3 layer development over Trivandrum.
Conclusions
The general features of the F3 layer over the magnetic equatorial location of Trivandrum during a solar cycle from 1996-2005, with emphasis on a solar maximum year of 2001 and a minimum year of 2005 are discussed. The study brings out that the F3 layer occurrence over Trivandrum is weak and rare compared to the other equatorial locations. The occurrence is higher during periods of low solar activity than under periods of high solar activity. The most important outcome of this present study is that the occurrence probability of the F3 layer over Trivandrum during a particular year is higher during the disturbed days compared to the quiet days.
